The increase in confined cattle breeding reflects the modernization and automation of farming, which has significantly intensified in recent years and caused an increase in the energy demand of rural properties. This study investigated the use of biogas generated from dairy cattle manure confined in gas microturbines on a farm to generate electricity and the energy use of exhaust gases. At the end of the study, 6,195 to 16,077 kWh month -1 of electricity was obtained, which corresponds to 43.3% of the property's self-sufficiency energy demand. By performing an exhaust gas energy exploitation, between 6.8 and 13.6 m³ day −1 of water heated to 368 K can be produced, or between 11,880 and 23,661 kWh month −1 of cooling capacity can be obtained using a liquid cooler.
INTRODUCTION
A feedlot or confinement system, which has intensified in recent years, consists of distributing animals in small lots and raising them in enclosed pens to control the supply of food and water and obtain an increase in milk production and a decrease in time to slaughter (beef cattle). However, the use of a containment system requires some care regarding the disposal of the produced waste. The feces, urine, beds and feed leftovers produced during livestock farming should be adequately treated and destroyed. Incorrect disposal of manure can cause soil and air pollution, the eutrophication of groundwater and waterbodies, and the proliferation of vectors, such as flies, which can transmit diseases to animals and humans. According to Fonseca et al. (2014) , bovine feces contain several genera of nematodes. Gregory et al. (2014) identified the presence of bacteria, such as Escherichia coli.
According to Da Costa et al. (2013) , the use of biodigesters helps correct environmental and health problems in rural areas. The biodigester is a chamber in which organic waste is deposited. With the help of certain groups of anaerobic bacteria, the potential for waste pollution and health risks can be reduced. At the end of the biodigestion process, biogas, which is a mixture of gases formed during the anaerobic digestion process and primarily consists of methane gas (CH4) and carbon dioxide (CO2), is obtained. Methane gas is a single chain hydrocarbon that has high calorific value; its release into the atmosphere should be avoided because it intensifies the global warming greenhouse effect. Another byproduct of the process is biofertilizer-an inert effluent and excellent organic fertilizer that is capable of restoring soil microbiota, which increases its productivity.
Biogas is a renewable fuel that can be used as an alternative fuel source in rural properties for heating water and spaces, grain drying, food cooking, lighting, and electricity generation. The most common form of biogas use is its conversion to electric and thermal energy. The conversion to electricity currently relies on several available technologies, with the best results achieved using specific microturbines that can present satisfactory energy yields when employed for energy generation, cogeneration and trigeration purposes.
Modern microturbines can operate with the biogas that is directly collected from the biodigester, without the need for prior treatment. The electricity produced by the microturbine can be employed at the farm, which reduces production costs, or can be passed to the power utilities through the Energy Compensation System, which generates credits that can be applied to energy bills. The use of microturbines is well regarded because these machines can have different power, are compact and light (can be installed anywhere), have low noise and vibration levels, are reliable and require minimal maintenance. They also have great flexibility in terms of the fuel consumption, which enables their continuous operation during situations with low or no biogas production, and they emit a low level of pollutants, which precludes the need to use filters and gas scrubbers that increase the cost of the produced energy. The heat that is carried away by the exhaust gases from the microturbine can be reused through the use of heat recovery units, which transfer heat from the exhaust gases to a working fluid that can be employed for heating or cooling purposes.
This study sought to assess the viability of the use of biogas derived from the decomposition of dairy cattle manure in microturbines, for the purpose of electricity generation; the potential for energy use of the exhaust gases in water heating and refrigeration systems via absorption; and the electricity generation potential per animal. An analysis of the implementation costs of the system and an estimate of energy savings of the rural property were performed.
MATERIAL AND METHODS
To conduct this study, data and information were collected from a rural property that was dedicated to dairy cattle production and product catalogs of microturbine, compressors, heat recovery units, and liquid chillers (absorption chillers). The rural property is located in the municipality of Buritama in the state of São Paulo (SP), Brazil, with a total herd of 336 Holstein cattle, which are raised in a confinement (feedlot) system. The livestock's waste, such as animal feces, urine and wash water of 240 animals, are collected through gutters and grates and transported to a pre-fermentation box, where additional water is added and waste is diluted. After dilution, the waste is piped to a Canadian biodigester, with a feed channel and a suction channel. The suction channel is connected to a hydraulic pump, which compresses the organic effluent and distributes it in the biodigester at eight injection points in an upstream direction. This process enables the mixing and uniformization of both the organic material and the population of anaerobic bacteria inside the biodigester. After the anaerobic biodigestion process, the liquid effluent is used for the fertigation of corn and Napier grass, which are used as feed for cattle.
The produced biogas is collected by a pipeline system and used for electricity generation. The amount of produced biogas depends on the quality and quantity of organic matter available for biodegradation. Based on some measurements and observations provided by the owner and site staff, each dairy cow produces an average of approximately 40 kg of fresh manure daily. Baungratz et al. (2013) suggests that the conversion potential of dairy cattle manure can vary from 0.040 to 0.049 m³ of biogas per kg of fresh manure. Therefore, the biogas production can be estimated by the following expression:
Where, Due to the predominance of methane gas and carbon dioxide in its composition, the calorific value of the biogas can be estimated by the amount and calorific value of the methane gas in the biogas. Therefore, the calorific value of the biogas can be obtained by the following equation: The energy potential of the produced biogas can be estimated based on the volume of biogas produced and its calorific value according to the following equation:
Where,
The amount of generated electricity depends on the type of equipment and its power generation capacity, the quality of the fuel, and the ambient operating conditions. Among the several models of microturbines, the Capstone CR30 microturbine, which can be directly supplied with biogas with a low-methane gas content and high levels of contaminants, was selected for analysis. In addition, the microturbine is a simple equipment, has relatively low cost, and satisfies the energy demand of the analyzed farm. The CR30 microturbine operates at 96,000 rpm, when the spent fuel provides 440 MJ/h of power at a pressure of 414 to 483 kPa. In addition, the microturbine has a three-phase electric generator (400/480 VAC) with 50/60 Hz, a capacity of 30 kW, and an electrical efficiency of 26% (at 288 K) that can be directly connected to the network or equipment. Exhaust gases leave the microturbine at 275 °C (548 K) at a flow rate of 0.31 kg/s.
The electricity generated can be estimated by the electrical performance of the generator (supplied by the manufacturer) as a function of the ambient operating temperature. Thus, the electricity generation capacity of the microturbine is obtained by the following equation:
Where, E Mic = Electricity generated by the microturbine The biogas must enter the microturbine at a high working pressure (414-483 kPa). The MEHRER TRE 200 compressor, which operates with toxic and flammable gases and can attain a maximum final pressure of 1.600 kPa and an electric power of 5 kW, was selected. The electricity consumed by the compressor is determined by the following equation: To optimize the process, the residual heat from the exhaust gases was employed, which heated the microturbine near 548 K. The Capstone ITC 1 heat recovery unit, which can be directly connected to the exhaust pipe of the microturbine. The heat recovery unit has a water pump of 1.5 kW of power to promote the circulation of water inside the pump, which allows the water to heat to 368 K. The electricity consumed by the pump of the heat recovery unit is obtained by the following equation:
Where, • (3600 • t rec )
Where, For the calculations, the following properties were considered: Water: ρ H2O = 1.000 kg m −3 , Cp H20 = 4,22 kJ kg
Exhaust gases: ṁg as = 0.31 kg s −1 , Cp gas = 1,00 kJ kg
For the energy exploitation of the exhaust gases used for cooling, we used a liquid chiller (absorption chiller) that employs the heated water produced by the heat recovery unit as its heat source. The selected liquid chiller was an LWM-W003 model, from the LS GROUP, which operates with hot water at low temperatures and uses lithium bromide (LiBr) as the absorbent and water as the refrigerant. In normal conditions, 98.56 kW of cooling can be produced with 8 m³ h −1 of water heated to 368 K. In addition, the chiller is equipped with a hydraulic pump that promotes the circulation of the absorbent in the system and other electrical components that demand a total electric power of 1.4 kW.
The cooling capacity of the liquid chiller for partial loads of thermal energy applied to the chiller generator is obtained based on the full-load coefficient of performance (COP), the amount of available thermal energy and the amount of operating time, as given by the following equation: 
RESULTS AND DISCUSSION
Considering the analyzed rural property, organic manure from 240 dairy cows is collected daily for the biodigester. Considering the average production of 40 kg animal −1 of fresh manure daily and based on the study by Baungratz et al. (2013) , each cow is capable of producing between 1.6 and 1.96 m³ of biogas per day. Therefore, with the manure collected from the 240 animals, producing approximately 384 to 470.4 m³ of biogas per day is possible.
The percentage of methane gas in the biogas used for this study was suggested by Suzuki et al. (2014) . According to Bonturi & Dijk (2012) , the lower calorific value (LCV) of methane gas is approximately 35,857
− . Therefore, the calorific value of biogas varies between 14,343 − (40% of ) and 26,893 − (75% of ). Figure 1 illustrates the calorific value of the biogas. FIGURE 1. LCV of the biogas as a function of the methane gas in its composition (according to Suzuki et al. (2014) and Bonturi & Dijk (2012) ).
The energy potential of a dairy cow can be determined by the amount and calorific value of produced biogas; thus, a dairy cow can generate between 22,948 and 52,710
− . Figure 2 illustrates the energy potential of a dairy cow.
FIGURE 2. Potential energy that can be obtained by biodigestion of organic waste of dairy cattle.
The energy production of the microturbine varies according to the LCV of the biogas and the ambient operating conditions. According to the Centro Integrado de Informações Agrometeorológicas (CIAGRO, 2014), the average maximum temperature in the municipality of Buritama is approximately 303 K. Therefore, the daily electricity production of the microturbine is approximately 313.3 to 383 kWh day −1 for a biogas with a composition that includes 40% methane gas. For a biogas rich in methane gas (75%), 587.5 to 719.7 kWh day −1 of electricity can be obtained. For this case, the energy available in the biogas is higher than the energy conversion capacity of the selected microturbine, which causes a surplus of produced biogas and limits the microturbine production to 624 kWh day −1 . In the study by Singh & Jash (2015) , 124.59 m³ of cattle biogas was employed in a gas microturbine to produce 162.77 kWh day −1 of electricity.
The compressor requires 5.0 kWh of energy to compress approximately 26.7 m³ h −1 of biogas to increase the biogas pressure to the level required by the microturbine. Therefore, the energy consumption of the compressor ranges from 71.9 to 88.1 kWh day −1 . Figure 3 shows the energy production of the microturbine and the energy consumption of the compressor as a function of the number of animals on the property, depending on the daily production of biogas and its LCV. The net energy production of the microturbine was obtained by subtracting the energy consumption of the compressor from the energy produced by the microturbine. This finding indicates a production of 241.4 to 535.9 kWh day −1 of electricity. Figure 4 shows the net electricity production of the microturbine as a function of the number of animals on the property, depending on the daily biogas production and its energy value (LCV). The amount of water heated to 368 K was obtained via the exploitation of the microturbine's exhaust gases thermal energy using a heat recovery unit. Considering that the recovery unit will be working during the entire period of operation of the microturbine, approximately 6.8 to 13.6 ³ − of heated water (maximum production of heated water, limited by the operation of the microturbine) can be obtained. Figure 5 illustrates the amount of water heated to 368 K produced by the recovery unit as a function of the number of animals on the property, depending on the production and the LCV of the biogas.
Engenharia Agrícola, Jaboticabal, v.38, n.4, p.526-535, jul./ago. 2018 FIGURE 5 . Quantity of heated water (368 K) produced by the heat recovery unit.
The recovery unit operates with the aid of a hydraulic pump to promote water circulation. In this manner, the net amount of electricity supplied by the microturbine ranges between 223.3 and 499.9
− . Figure 6 shows the net electricity production (electricity generated by the microturbine, which does not account for the energy consumption of the compressor and the recovery unit pump) as a function on the number of animals on the property, depending on the production and the LCV of the biogas. For energy consumption for cooling, the heat from the water heated through the recovery unit can serve as the hot source of a chiller. In this scenario, the refrigeration load provided by the chiller ranges between 396.0 and 788.7 kWh day −1 (maximum cooling capacity limited by the microturbine operation). Figure 7 illustrates the cooling capacity that can be obtained by the chiller as a function of the number of animals on the property, depending on the daily production of biogas and its LCV.
The chiller requires 1.4 kW of electric power for the activation of its electrical components and the hydraulic pump; therefore, the electricity consumed by the chiller is 33.6 − . Subtracting the consumption values of the biogas compressor, the heat pump, the chiller pump and other electrical components, the electricity produced by the microturbine ranges between 206.5 and 466.3
• − . Figure 8 shows the net electricity production of the microturbine as a function of the number of animals on the property, depending on the production and the LCV of the biogas. Considering the conditions of the daily production of cattle manure, the potential for converting organic matter and a biogas with 50% methane gas in its composition, Figure 9 illustrates the amount of electricity generated by the microturbine and the amount of electricity consumed by the equipment used for the compression of the biogas, the heating of water and liquid cooling, based on the daily production of 1.6 m³ of biogas per animal. Figure 10 illustrates the net amount of electricity that can be supplied by direct generation (microturbine electricity generation, subtracting the energy consumption of the gas compressor) via energy exploitation with water heating (generation of electricity from the microturbine, subtracting the energy portion related to the gas compressor and the heat recovery unit pump) and liquid cooling (generation of electricity in the microturbine, subtracting the consumption of the gas compressor, the heat recovery unit and the chiller pump). FIGURE 9. Electricity generated by the microturbine and the electric consumption of the equipment for the following cases: direct generation, using water heating and liquid cooling, obtained per animal with a biogas that contains 50% of methane gas in its composition. FIGURE 10. Net electricity supply for the following cases: direct generation using water heating and liquid cooling, obtained per animal with a biogas that contains 50% of methane gas in its composition.
The energy potential of the produced biogas, the amount of electricity generated by the microturbine, the amount of energy contained in the volume of heated water produced by the heat exchanger, and the cooling capacity obtained by the chiller can be obtained, as illustrated in Figures 11 and 12 . The total efficiency of the electricity generation process with water heating is 57.1%, and that for the electricity generation process with liquid cooling is 46.4%. Yingjian et al. (2011) obtained an energy efficiency of 61.8% for the combined-cycle power generation with water heating. Rocha et al. (2012) obtained an energy efficiency of 52.9% for the combined-cycle power generation with liquid cooling.
FIGURE 11. Amount of energy contained in the biogas, generated electricity and volume of heated water produced (obtained per animal with 50% methane gas in the biogas composition). 
Energy [kJ day-¹]
Engenharia Agrícola, Jaboticabal, v.38, n.4, p.526-535, jul./ago. 2018 FIGURE 12 . Amount of energy contained in the biogas, electricity generated and cooling capacity produced by the liquid chiller (obtained per animal with 50% methane gas in the biogas composition).
The cost of the installed energy can be calculated by the costs of the equipment for the electricity generation and the equipment for the thermal exploitation of the exhaust gases. Table 1 presents the approximate costs of the equipment, considering a US Dollar to Brazilian Real exchange rate of R$ 3.20. Table 2 presents the cost of one MWh of electricity and the cost of the minimum and maximum annual savings of electricity that can be achieved in the three analyzed scenarios. Table  3 shows the Net Present Value (NPV) at a rate of 7% p.a., Internal Return Rate (IRR) and the investment's payback for fiveyear intervals. 
CONCLUSIONS
This study demonstrated the possibility of performing the energetic exploitation of biogas in microturbines with the possibility of generating between 6,195 and 16,077 kWh • month −1 of net electricity, which can supply at least 43.3% of the property's energy demand or even make it self-sufficient since the farm requires approximately 14,300 kWh • month −1 of electricity for raising 336 dairy cattle and collecting and storing 3,000 liters of milk per day. By performing thermal exploitation, between 6.8 and 13.6 m 3 • day −1 of water heated to 368 K, which could be used for cleaning and sterilizing the milking environment and the equipment for milk production, can be produced. Alternatively, the heated water can be employed to activate a chiller that enables a cooling capacity between 11,880 and 23,661 kWh • month −1 , which can be used for cooling environments or to decrease the temperature of the milk product prior to storage.
The energy exploitation of the microturbine's exhaust gases increases the energy efficiency of the process, which enables an energy yield of 57.1% for the process of electricity generation with water heating and 46.4% for the process of electricity generation with liquid cooling.
With regard to the investment's financial analysis, considering an interest rate of 7% p.a. (average approximate inflation rate of the last decade), only in the process of electricity generation with methane-rich biogas and high daily production, a return on investment after 16 years is possible. In other cases, no investment payback is observed in the first 20 years, which discourages their adoption. However, note that the implementation of new tax incentives in the microgeneration sector can reduce the initial costs and payback time of the investment, which render it profitable and attractive.
